O objetivo deste trabalho foi investigar a influência de diversos parâmetros de reação sobre as propriedades de nanopartículas de hidroxiapatita (HAp) preparadas pelo método hidrotérmico. Os dados da literatura descrevem condições experimentais variadas para a síntese hidrotérmica de HAp. Uma abordagem específica foi então utilizada para avaliar os fatores estatisticamente influentes entre aqueles descritos na literatura. O papel de cada parâmetro experimental também foi discutido no contexto da nucleação de partículas e do mecanismo de crescimento de cristais. Dentro das variáveis selecionadas, temperatura e pH foram os fatores que mais afetaram a composição e morfologia da HAp. Além disso, neste estudo, diferentes morfologias variando de nanopartículas cilíndricas do tipo bastonete a esféricas com várias características foram obtidas com sucesso, o que pode ser aplicável na preparação de várias biocerâmicas de HAp.
Introduction
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HAp) nanoparticles, as one of the major components of hard tissues of the human body, are widely used in biomaterials because of their biocompatibility, bioactivity, low solubility in water and ability to replace toxic ions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, the low mechanical properties of HAp nanoparticles have limited their use in load-bearing orthopedic and dental applications. 4, 5 Therefore, the synthesis of particles with optimized size, morphology, crystallinity, stoichiometry and phase composition has become a focus of interest in the biomedical fields. [2] [3] [4] [5] [6] In the literature, several methods for preparing HAp nanoparticles have been reported, including chemical precipitation, 11, 12 solid-state synthesis, 13, 14 sol-gel process, 11, 15, 16 solvo-treatment process, 17 hydrothermal method, 10, [17] [18] [19] [20] [21] biomimetic synthesis, 22, 23 spray pyrolysis 24, 25 and solvothermal procedure. [26] [27] [28] Moreover, many of such studies have been made to improve the mechanical properties, using one-dimensional growth of HAp crystals and preparing needle-like or rod-like particles. [18] [19] [20] [21] [26] [27] [28] [29] It is known that HAp nanorods can be synthesized; however, the preparation of nano-sized particles with high aspect ratio, appropriate stoichiometry and high crystallinity still remains an important task. 4, 5, [19] [20] [21] [25] [26] [27] [28] [29] [30] [31] [32] The hydrothermal method, which works at high temperature and high pressure, is the most frequently used technique for one-dimensional growth of HAp. This method enables the synthesis of HAp powders with high degree of crystallinity which are relatively stable in physiological medium. 33 The HAp prepared by this method is homogeneous and easily sinterable, with Ca/P molar ratios close to the stoichiometric value, owing to the effects of high temperature and high pressure on the aqueous solutions. 4, 10, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] 34 However, many different studies have resulted in discrepancies in the optimum experimental conditions. For instance, some works show that the rod-like HAp is synthesized in acidic 5, 35 or approximately neutral conditions, 28 and others show that these nanorods are synthesized under alkaline conditions. [30] [31] [32] 36 Moreover, only few experimental parameters were evaluated in each study.
The success of the hydrothermal procedure in the formation of HAp with high quality prompted us to investigate its capability to control the formation of HAp nanoparticles through an experimental design route. In the present study, we report the controlled growth of HAp nanoparticles with tunable size, morphology, crystallinity and stoichiometry by adjusting the experimental parameters under simple and relatively mild reaction conditions. Some of the synthesized HAp nanoparticles were of uniform shape and had high crystallinity with single phase; thus they are believed to be applicable for the preparation of various HAp bioceramics with improved mechanical properties.
Experimental

Materials
Calcium nitrate tetrahydrate as the calcium ion source, di-ammonium hydrogen phosphate as the phosphate ion source, and ammonium solution (25%) and urea for adjusting pH were purchased from Merck (Germany) and used as received. All reagents were of analytical grade. Deionized water was used throughout all the experiments.
Design of experiments (DOE)
Among the factors that may influence the characteristics of HAp, reaction temperature, pH, concentration of reactants and presence of urea were evaluated using a two-level random, full factorial experimental design approach. The response for the diameter, length, aspect ratio, crystallinity and stoichiometric ratio of the assynthesized HAp was analyzed using the STATISTICA 6.0 ® software package. The time of hydrothermal treatment was kept constant at 60 h and other experimental domains were chosen using literature data. 4, 5, 10, 11, 17, 22, [37] [38] [39] Table 1 shows a 16-run experimental design with four variables and two levels utilized in the experiments, along with the codes for each sample (the words hydrothermal and urea are abbreviated as "Hy" and "U" in the sample codes, respectively). Each run was carried out independently, while the amount of independent variables varied according to the design.
The STATISTICA 6.0 ® software statistically analyzed the experimental data (e.g., analysis of variance, ANOVA). The graphical display of data can be used to find a relationship between the input variables and the system responses. In Although the number that appears next to each horizontal bar in the Pareto charts shows that the parameter has a decreasing or increasing role, the plot of marginal means is interesting from an illustrative point of view. A plot for one independent variable (factor) with two levels can be obtained by placing the levels of that factor on the horizontal axis, and the total values of the dependent variable on the vertical axis. The final plot is then obtained by connecting the mean values of the dependent variable with two levels of the independent factor. The magnitudes of the variable effect can be determined from the slope of the line (the greater the degree of departure from horizontal, the stronger the effect). It shows whether the estimated marginal means are increasing or decreasing across the levels. It should be pointed out that in the present study the total calculations for plotting the Pareto chart as well as the plot of marginal means were automatically carried out using the STATISTICA ® software package.
Methods
First, solutions of the reacting ions (calcium and phosphate) with concentrations of 0.10 and 0.03 mol L -1 respectively were prepared by dissolving the appropriate amount of the relevant salts in deionized water. The phosphate ion solution was then added dropwise into the calcium ion solution under continuous and gentle stirring, while the molar ratio (Ca/P) was kept at the stoichiometric amount according to its ratio in HAp (1.67). For the chemical precipitation experiments, which were performed under alkaline conditions (see Table 1 ), the pH of the mixture was adjusted to 10 by the addition of ammonia, and the final pH of the other suspensions was kept constant at 5.6.
The urea can be used in the precipitation reaction, leading to the further transformation to HAp due to the pH changes during urea hydrolysis. For this reason, urea was added into the same mixture (according to Table 1) at a concentration equal to that of the calcium ion at the beginning of the precipitation reactions and the solution was then stirred for 30 min to ensure that the urea dissolved completely. The HAp precursor suspension was transferred to a 100 mL autoclave (pressure vessel), and treated hydrothermally at 90 or 200 o C for 60 h (see Table 1 ). The final product was washed thoroughly (four times) with a mixture of deionized water and ethanol (volume ratio of 1:1), isolated by filtration after being centrifuged, dried at 60 o C and then crushed into powder form. The schematic flowchart for the preparation of HAp is illustrated in Figure 1 .
The crystal and phase structures of the samples were identified using a X-ray diffractometer (XRD, Model D5000, Siemens Co.) with CuK α (λ = 1.5418 Å) incident radiation over the 2θ range of 20-60° at room temperature with a step size of 0. between the peaks of (112) and (300). Fourier transform infrared spectroscopy (FTIR, Model EQUINOX55, BRUKER, Germany) was used for identification of functional groups present in the HAp powder. Samples for FTIR analysis were prepared from 1:90 HAp-KBr mixtures (by weight), which were compacted into pellet form and then scanned from 4000 to 400 cm -1 . The morphology and size of the nanoparticles were studied using scanning electron microscopy (SEM, Model VEGAII, XMU, TESCAN, Czech Republic) and transmission electron microscopy (TEM, Model CEM-902A, Zeiss Co, Germany, at an accelerating voltage of 80 kV). The elemental compositions of the products were quantitatively identified on an energy dispersive X-ray analyser (EDXA, Model QX2, RONTEC Co.) which was coupled to the SEM microscope.
Results and Discussion
As mentioned in the experimental section, four factors were studied through an experimental design approach and the results of 16 experiments were subjected to the ANOVA process. In this process, the characteristics of the as-synthesized HAp were used as response functions, and the effects of the process variables on these characteristics were analyzed. Table 2 
Mean diameter of HAp nanoparticles
The diameter of the rod-like particles is of importance because it determines the surface area available for the matrix of a fiber-reinforced composite and, finally, its strength. 7, 41, 42 In general, the strength of a fiber decreases as its diameter increases. 41, 42 Therefore, it is important to investigate the effects of different factors on the diameter of HAp nanoparticles. Figure 4 shows the overall morphology of the as-synthesized HAp nanoparticles and the average diameters of the samples are shown within parenthesis in the second column of Table 2 . According to the table, the diameter of the particles varies from 35 to 320 nm for the samples Hy-U-10-90-0.1 and Hy-U-5-90-0.1 respectively. The ranking of standardized effects presented on the Pareto chart in Figure 2 (a) indicates that none of the factors was statistically significant within the experimental range studied. . In fact, there is general agreement that the growth rate of crystals in a less concentrated solution is too slow due to the ion transport control.
According to the Figure 3(b-1) , the diameter of the nanoparticles decreases with increasing pH value. As shown in SEM images, under alkaline conditions the samples are formed in nearly spherical shape, suggesting that the crystal growth of HAp depends on the pH of the reaction mixture and that there is not any preference for an oriented crystal growth in alkaline conditions.
A modified method to synthesize HAp in basic conditions consisted of the addition of urea instead of ammonia in the precipitation reaction, which leads to more homogenous and biocompatible HAp and to further transformations due to the pH changes caused by urea hydrolysis. 23, 35, 43 Moreover, during hydrolysis, CO 3 2-ions are released and incorporated into the crystal structure to produce carbonated hydroxyapatite. 23, 43 For these reasons, urea was considered among the factors which may be important in the characteristics of the synthesized HAp. According to the results presented here (Figure 3(c-1) ), the use of urea in the reaction medium increases the mean diameter of the nanoparticles. This can be related to the coordination of urea to Ca 2+ ions in the starting mixture in which, by adjusting the Ca 2+ ion release, the rate of formation of HAp is controlled.
It is suggested that the formation of HAp crystals through hydrothermal crystallization process includes two main stages, which can be schematically illustrated in Figure 5 . The first stage is the nucleation (step of reaction of ions) and formation of tiny crystalline nuclei in a supersaturated medium, and the second is the growth of 
the nuclei (step of hydrothermal treatment). 2, 19, 20, 44 Due to the complete decomposition of urea at relatively elevated temperatures, urea can only affect the characteristics of HAp in the former stage. The complex urea-Ca 2+ prevents the Ca 2+ ions from reacting quickly with the other reactants and this, therefore, decreases the number of nucleation sites. Decreasing the number of nuclei allows them to increase in size, whereupon the diameter of nanoparticles increases. In other words, with the prolonged duration of the contact, the small crystallites are permitted to grow into larger particles. This is similar to the case described in a recent report in which ethylenediaminetetraacetic acid (EDTA) has been used as the chelating agent. 45 Figure 3(d-1) shows that the mean diameter of nanoparticles slightly decreases with increasing temperature of the hydrothermal treatment. A comparison of this result with that in the following section reveals that the rod-like nanoparticles with high aspect ratio are synthesized from the precipitation reaction with higher hydrothermal temperature (an increase in mean length of nanorods is observed with increasing temperature during the hydrothermal treatment). These results show that the c-axis size increases when the hydrothermal temperature increases, which is accompanied by decreasing in growth at the other directions.
Mean length of rod-like HAp nanoparticles
According to the Pareto chart presented in Figure 2(b) , only the pH value of the reaction mixture has a significant effect on the mean length of the HAp nanorods. Moreover, reactants concentrations and interactions between the presence of urea and hydrothermal temperature (3 and 4), and between reactants concentrations and pH (1 and 2) are among the more influencing effects but are not statistically significant.
The marginal means plots of the effects of reactant concentration, pH, urea and temperature of hydrothermal treatment on the mean length of particles are respectively presented in Figures 3(a-2) , 3(b-2), 3(c-2) and 3(d-2). Figure  3(a-2) indicates that the mean length of the nanoparticles increases as a response to the increasing concentration of the reactants, similar to the observed for the mean diameter of the nanoparticles. The explanation of this behavior may be similar to that given in the previous section. Some previous studies have shown that the pH variation from basic to acidic conditions is favorable to the development of rod-like particles. 5, 29, 35, 46 According to the present study (see Figure 3(b-2) ), the mean length of nanoparticles steeply decreases with increasing pH. In fact, the variation in pH has a pronounced influence on the length of the rod-like particles. This can be explained by the higher tendency of the nuclei to grow at the c-axis in moderate acidic conditions. The results of the present study suggest that, at lower pH, calcium and phosphate ions preferentially adsorb on the particles at the c-axis, and the consequent unidirectional growth of the particles leads to the formation of nanorods. However, the effect of pH on the morphology of the HAp nanoparticles depends on the other factors, too. In fact, rod-like HAp can also be synthesized in basic conditions using alteration of the other parameters (for example, by use of surfactants or alteration of the temperature of preparation of the HAp precursor).
According to Figure 3(c-2) , there is essentially no difference in the mean length of nanorods in the presence or absence of urea, within the experimental range studied. This result may be due to the decomposition of urea at higher temperatures, i.e., in the stage of hydrothermal treatment, in which crystals grow. In contrast to urea, the Figure 3(d-2) indicates that the mean length of nanorods increases slightly with increasing hydrothermal temperature. This effect can be attributed to the tendency of the particles to grow in one direction at higher temperatures. Increasing temperature results in preferential crystal growth along the c-axis. However, this effect is found to be non-significant according to the Pareto chart in Figure 2(b) .
Aspect ratio of rod-like HAp nanoparticles
In the previous sections, the effects of various factors on the diameter and length of the HAp nanoparticles were investigated. However, the net strength of a given rodlike particle is predominantly determined by its length to diameter ratio. It is well known that, for a given fiber, higher values of the length to diameter (or width) ratio, known as aspect ratio, result in improved strength of fiberreinforced composites. 41, 42 Calculated average aspect ratios for the samples are shown in Table 2 , in which rod-like HAp particles with aspect ratios up to 24 can be seen. According to the Pareto chart shown in Figure 2(c) , the pH has a significant effect on the aspect ratio of the nanorods. Figures 3(a-3) , 3(b-3), 3(c-3) and 3(d-3) show respectively the marginal means plots of the effects of reactant concentration, pH, urea and temperature of hydrothermal treatment on the aspect ratio of rod-like particles. As expected, this aspect ratio increases slightly as the concentration of reactants increases (Figure 3(a-3) ). In fact, the increase in the mean length observed with increasing reactant concentration is larger than the increase in the mean diameter, whereupon the aspect ratio increases (see the numbers on the Pareto charts).
According to Figure 3(b-3) , the aspect ratio steeply decreases with increasing pH of the reaction mixture. When applying basic conditions, a diminishing trend is seen in both length and diameter. However, a comparison of the degree of departure from a horizontal line in Figure 3 (b-1) with that in Figure 3(b-2) reveals that the aspect ratio must be decreasing steeply with increasing pH (see also the numbers on the Pareto charts). In fact, particles produced in basic conditions are actually spherical in shape. Figure 3(c-3) indicates that the aspect ratio decreases slightly in the presence of urea. When urea is used in the reaction medium, the diameter of the particles increases (Figure 3(c-1) ), while their mean length remains unchanged (Figure 3(c-2) ), whereupon the aspect ratio decreases. Moreover, as a result of decreasing diameter and increasing length by increasing the hydrothermal temperature, the aspect ratio increases as the hydrothermal temperature increases (Figure 3(d-3) ).
According to these results, rod-like HAp nanoparticles with high aspect ratio can be synthesized using high reactant concentrations at high hydrothermal temperature and low pH, without the use of urea in the reaction mixture. Figure 6 shows the large scale typical SEM and TEM micrographs of such HAp nanoparticles prepared under relatively optimum conditions.
The fraction of the crystalline phase in HAp nanoparticles
The XRD patterns of the HAp samples are presented in Figure 7 in the order of increasing degree of crystallinity.
All XRD patterns are identified as HAp according to the ICDD (International Centre for Diffraction Data) standard (PDF card no. 9-432) and all peaks correspond to the hexagonal crystal form of HAp. 1, 10, 17, 33, [47] [48] [49] [50] From Figure  7 , it can be seen that a decreasing degree of crystallinity leads to a decrease in intensity and an increase in width of the diffraction peaks. Moreover, the relative intensity of the peak (300) grows with the increase in the crystallinity degree, which shows that HAp may be oriented along the c-axis. The X c values of the synthesized nanoparticles are shown in Table 2 . It is well-known that the crystalline phase of HAp has an important contribution to the strength of the final ceramic or composite. 2, 4 According to Table 2 , various degrees of crystallinity from 19.4 to 83.8% can be obtained by design of experiments.
To confirm the HAp structure of samples, the IR spectra given in the supplementary material was used ( Figure S1 ). The characteristic peaks for PO 4 3− appear at about 1090, 1029, 602, 961, 566 and 473 cm -1 . The peaks at 3437 and 1637 cm -1 are relative to the bending modes of the hydroxyl group in the adsorbed water, while the peaks at 3571 and 633 cm -1 are assigned to the stretching vibration of the hydroxyl group in the crystalline structure of HAp. 33, 35, 40, [50] [51] [52] [53] [54] [55] [56] [57] From Figure S1 , it can be seen that, with decreasing degree of crystallinity, the intensity of the absorption bands appearing at 3437 and 1637 cm -1 increases, while the intensity of the bands at 3571 and 633 cm -1 decreases. Therefore, according to the results presented here, the change in the intensity of the aforementioned peaks could be used as an alternative to the XRD patterns for determination of the degree of crystallinity. Moreover, the weak peaks at 1400-1600 cm -1 , associated with the carbonate ν 3 absorption band, indicate the presence of low amounts of carbonate impurities in the structure of HAp. [53] [54] [55] [56] [57] [58] [59] [60] [61] According to the IR spectra, the intensity of these peaks increased as the crystalline fraction decreased. Therefore, the presence of carbonate in the apatite lattice causes a decrease in crystallinity. Meanwhile the weak peak at about 873 cm -1 may be attributed to the carbonate groups or low amount of hydrogen phosphate in the crystalline structure of HAp. [53] [54] [55] Further analysis of the IR spectra in the region of 1400-1600 cm -1 provided information on the sites in which the carbonate groups were substituted. Although the published data in the literature has led to some contradictory explanations regarding which bands correspond to the A-type (carbonate replacing OH -ions), B-type (carbonate replacing PO 4 3-ions), or mixed AB-type carbonate substitution, the results of IR analysis in recent studies [53] [54] [55] [58] [59] [60] indicate that the nanoparticles synthesized in the present work correspond mostly to a mixed AB-type substitutions of CO 3 2-in the hydroxyapatite lattice along with the predominance of B-type substitution.
From the viewpoint of crystal growth, each factor that diminishes the reaction rate of calcium and phosphate ions in the precursor preparation step or accelerates the growth of the nuclei in the hydrothermal treatment step causes an increase in the crystalline fraction of HAp nanoparticles. The ranking of standardized effects on the fraction of the crystalline phase is shown on the Pareto chart in Figure 2(d) . According to the diagram, the hydrothermal temperature and the interaction between temperature and pH (2 by 4) have significant effects on the degree of crystallinity.
The marginal means plots of the effects of reactant concentration, pH, urea and temperature of hydrothermal treatment on the degree of crystallinity are respectively shown in Figures 3(a-4), 3(b-4), 3(c-4) and 3(d-4) .
According to the Figure 3(a-4) , there is no significant difference in the fraction of the crystalline phase in HAps prepared at different reactant concentrations, within the experimental range studied. This could be explained by the fact that the change in the reactant concentration can not affect the growth rate of the nuclei at the step of hydrothermal treatment. However, according to the Figure 3(b-4) , the crystallinity degree of HAp particles can increase slightly with increasing pH of the reaction mixture. This increase in the degree of crystallinity can be attributed to the suppression of the competing phosphate hydrolysis reaction. In fact, in basic conditions and elevated temperature (90 or 200 o C), the concentration of PO 4 3-(in comparison with HPO 4 2-as well as H 2 PO 4 -) is much higher, which may cause an increase in the rate of nucleation. Therefore, the results of the experiments and statistical analysis reported here revealed that the pH value effectively controls the particle size and crystallinity degree, together with other properties of the HAp nanoparticles. Figure 3 (c-4) shows that urea increases the crystalline fraction of the HAp nanoparticles. This could be explained by the coordination of calcium ions to the urea molecules to form a Ca 2+ -urea complex in the starting reaction mixture. This complex can effectively control the growth of HAp at the precursor preparation step by decreasing the Ca 2+ ion release, whereupon the degree of crystallinity of nanoparticles increases. In other words, with the prolonged duration of the reaction between ionic reactants, the small crystallites are allowed to grow and increase the crystalline fraction in HAp particles. Figure 3(d-4) indicates that the degree of crystallinity steeply increases with increasing hydrothermal temperature. According to the figure, in order to obtain highly crystalline HAp nanoparticles, it is necessary to work at high temperatures. This can be explained by the higher susceptibility of nuclei to grow at higher temperatures, which may be a consequence of the orientation along the plane (300).
The Ca/P ratio of HAp nanoparticles
The Ca/P ratio in HAp nanoparticles is determined as a measure of their stoichiometry. 2, 4, 33, 50 The measurement of this ratio can be performed with energy dispersive X-ray analysis (EDXA). 2, 33, 50, 62 Figure 8 shows a typical EDXA spectrum of the prepared HAp nanoparticles. The calculated Ca/P ratios of HAp samples are presented in Table 2 . Stoichiometric products have a Ca/P ratio of 1.67, but powders obtained by wet methods are usually non-stoichiometric. Moreover, the presence of a carbon peak at 0.23 keV in the EDXA spectra provides further evidence for the presence of the carbonate group in the crystal structure of non-stoichiometric samples. Figure  2 (e) shows the Pareto chart for the Ca/P ratio resulting from the statistical analysis. According to the diagram, the absolute effects of all variables under consideration on the Ca/P ratio are not significant. However, the interaction between hydrothermal temperature and pH was found to be statistically significant. Figure 3(a-5) indicates that the Ca/P ratio of nanoparticles decreases slightly with increasing concentration of the chemical reactants. The results show that the crystal growth of HAp in a highly concentrated solution proceeds through the formation of a precursor with a Ca/P molar ratio smaller than the stoichiometric value. However, this effect is not statistically significant.
According to the Figures 3(b-5) , 3(c-5) and 3(d-5), the Ca/P ratio of HAp nanoparticles increases by increasing the pH, using urea or increasing the temperature of the hydrothermal treatment. In fact, the possibility of absorption of CO 2 from the air during the reaction in basic media is much higher, resulting in the higher concentration of CO 3 2-in the reaction mixture. On the other hand, with increasing temperature, urea decomposes completely and produces carbon dioxide. The decomposition of urea and production of carbonate ions in aqueous solutions can be described by the following reactions: At constant calcium content, by increasing the carbonate concentration in the reaction mixture, the absorption of the phosphate ions is suppressed and therefore the Ca/P ratio increases. 
